ABSTRACT: H.M., Henry Molaison, was one of the world's most famous amnesic patients. His amnesia was caused by an experimental brain operation, bilateral medial temporal lobe resection, carried out in 1953 to relieve intractable epilepsy. He died on December 2, 2008, and that night we conducted a wide variety of in situ MRI scans in a 3 T scanner at the Massachusetts General Hospital (Mass General) Athinoula A. Martinos Center for Biomedical Imaging. For the in situ experiments, we acquired a full set of standard clinical scans, 1 mm isotropic anatomical scans, and multiple averages of 440 lm isotropic anatomical scans. The next morning, H.M.'s body was transported to the Mass General Morgue for autopsy. The photographs taken at that time provided the first documentation of H.M.'s lesions in his physical brain. After tissue fixation, we obtained ex vivo structural data at ultra-high resolution using 3 T and 7 T magnets. For the ex vivo acquisitions, the highest resolution images were 210 lm isotropic. Based on the MRI data, the anatomical areas removed during H.M.'s experimental operation were the medial temporopolar cortex, piriform cortex, virtually all of the entorhinal cortex, most of the perirhinal cortex and subiculum, the amygdala (except parts of the dorsal-most nuclei-central and medial), anterior half of the hippocampus, and the dentate gyrus (posterior head and body). The posterior parahippocampal gyrus and medial temporal stem were partially damaged. Spared medial temporal lobe tissue included the dorsal-most amygdala, the hippocampal-amygdalotransition-area,~2 cm of the tail of the hippocampus, a small part of perirhinal cortex, a small portion of medial hippocampal tissue, and~2 cm of posterior parahippocampal gyrus. H.M.'s impact on the field of memory has been remarkable, and his contributions to neuroscience continue with a unique dataset that includes in vivo, in situ, and ex vivo high-resolution MRI. V C 2014 Wiley Periodicals, Inc.
INTRODUCTION
This review chronicles H.M.'s history, his contributions to the neuroscience of memory, neuroimaging studies past and present, and his autopsy. In the following paragraphs, we walk through the anatomical details of the medial temporal lobe, describe the specific structures removed and spared in H.M., and provide the only glimpse of his intact, fresh brain. We recount the critical discoveries that made him one of the most famous amnesic patients in the world, and illustrate, with high-resolution imaging, the age-related white matter disease that likely accounts for his dementia in the final part of his life. We also identify key questions to be addressed in the forthcoming neuropathological examination and in future histological studies.
On August 25, 1953 , the neurosurgeon William Beecher Scoville performed an experimental operation in a 27-year-old man, Henry Gustave Molaison (H.M.), in the hope of curing his medically intractable epilepsy (Scoville, 1954; Scoville and Milner, 1957) . H.M. had experienced petit mal seizures from the age of 10 and grand mal seizures that began on his 15th birthday. The etiology of his seizures was unclear-as a young boy, he had sustained a minor head injury and, in addition, several of his father's relatives had epilepsy. H.M. graduated from high school when he was 21 and later repaired electric motors and worked on a typewriter assembly line. He took large doses of anti-epilepsy drugs, but they did not quell his attacks. Because numerous EEG studies failed to reveal a precise surgical target for seizure control, Scoville proposed a psychosurgical procedure that he had devised, bilateral medial temporal lobotomy (Scoville and Milner, 1957) . He had previously performed the operation in patients with psychiatric disorders, mainly schizophrenia, with mixed results. H.M. was the first patient to undergo this procedure for intractable epilepsy. Scoville later renamed the operation bilateral medial temporal lobe resection.
Postoperatively, H.M.'s petit and grand mal attacks continued, and although their frequency decreased markedly, he required anti-epilepsy drugs for the rest of his life. His seizure control, however, was accompanied by a devastating loss. For the next 55 years, H.M. was trapped in the moment because of profound anterograde amnesia. His amnesia was pureunconfounded by other cognitive deficits. His IQ was above average, and his language, reasoning, and perceptual capacities were normal. The exceptions were impaired olfactory function, caused by the operation, and cerebellar symptoms, a side effect of his anti-seizure medication, Dilantin.
The discrete nature and severity of H.M.'s amnesia made him the topic of scientific scrutiny for the remainder of his life and even after his death. Over 100 researchers participated in collaborative projects to study him, integrating behavioral testing, standardized interviews, and structural and functional imaging. In 1955, Brenda Milner conducted the first postoperative psychological testing of H.M., providing quantitative evidence of profound memory loss with preserved intelligence and immediate memory (Scoville and Milner, 1957) . She and Scoville concluded, "The findings reported herein have led us to attribute a special importance to the anterior hippocampus and hippocampal gyrus in the retention of new experience" (p. 21). Milner later introduced the idea that some memory processes were not hippocampus dependent by showing that H.M.'s error scores decreased across three days of testing on a motor skill-learning task, mirror tracing (Milner, 1962) . This discovery constituted the first experimental demonstration of preserved learning in amnesia.
Dissociable Memory Processes
Subsequent research with H.M. extended Milner's pioneering work and established several firm conclusions. The evidence supported the dual process theory of memory proposed by James (1890) and Hebb (1949) . They viewed short-term and longterm memory as separate processes. Accordingly, H.M.'s shortterm memory was preserved, while his long-term memory was impaired. His episodic and semantic learning were both deficient, indicating overlapping neural substrates (Gabrieli et al., 1988; Steinvorth et al., 2005) . Tests that distinguished two forms of recognition memory-recollection and familiarity-revealed that H.M. could make familiarity-based judgments to recognize complex pictures, even six months after encoding. This surprising result showed that recollection depends on the hippocampus, but familiarity does not. Examinations of H.M.'s retrograde amnesia led to the discovery that he could remember only two preoperatively experienced autobiographical episodes, whereas his semantic memory for the same time period was normal (Steinvorth et al., 2005; Corkin, 2013) . This dissociation implicates the hippocampus as necessary for the retrieval of premorbid autobiographical but not semantic information. At the same time, certain kinds of nondeclarative learning-motor skill learning, classical conditioning, and repetition priming-were preserved.
The issues that motivated decades of research with H.M. were to understand the scope of his amnesia, to elucidate the kinds of learning and memory that were spared, and to establish a causal link between his amnesia and specific brain circuits. Some information about the integrity of his brain was available even before his operation. H.M. had a pneumoencephalogram in 1946 and another in 1953, both of which were read as normal. At the time of his operation in 1953, information about the damage to his brain came exclusively from Scoville's account of what he had removed. His notes and drawings formed the basis of a set of detailed drawings by another neurosurgeon, Lamar Roberts, which accompanied Scoville and Milner's 1957 paper (Scoville and Milner, 1957) . Scoville estimated that the medial temporal lobe resection extended 8 cm back from the tip of each temporal lobe, but subsequent MRI scans indicated that the removal was much less extensive.
Postoperative In Vivo Imaging
CT scans carried out in 1977 and 1984 showed metallic clips from the operation, minimal atrophic change in the anterior temporal region bilaterally, cerebellar atrophy, and, in the 1984 scan when he was 58, mild to moderate cortical atrophy (Corkin, 1984) . Specific brain structures were not visualized. A SPECT scan conducted in 1992 at Brigham and Women's Hospital in Boston confirmed his bilateral medial temporal lobe resection and cerebellar atrophy.
H.M.'s first MRI scans occurred in 1992 at Brigham and Women's Hospital and in 1993 at Mass General, when he was 66 and 67 years old, respectively (Corkin et al., 1997) . These images showed that the removal extended back about 5.4 cm from the tip of the temporal lobe on the left and about 5.1 cm on the right. The bilaterally symmetrical lesion damaged most of the amygdaloid complex, the entorhinal cortex, part of perirhinal cortex, the uncal and rostral portions of the hippocampal complex, and part of parahippocampal cortex. Some of the ventral perirhinal and posterior parahippocampal cortices were intact. Approximately 2 cm of caudal hippocampal tissue was also spared, but it appeared atrophic and was likely deafferented due to removal of the entorhinal cortex. The subcortical white matter associated with the most anterior portions of the superior, middle, and inferior temporal gyri may have been compromised by the resection. The cerebellar atrophy was dramatic, but the cortical surface appeared normal for H.M.'s age (Corkin et al., 1997) .
A decade later, in 2002 to 2004, Salat and colleagues scanned H.M. at the Mass General Martinos Center, using improved MRI data acquisition and analysis tools-higher resolution, quantitative measures of tissue morphometry, and indices of tissue integrity (Salat et al., , 2006 van der Kouwe et al., 2005 van der Kouwe et al., , 2006 Wiggins et al., 2006) . By then, H.M. was 74 to 77 years old, and we uncovered new age-related abnormalities that were not connected to his 1953 resection-cortical thinning and abnormal signal in white matter and deep gray matter. H.M.'s T1 morphometry images showed significant atrophy of the cerebral ribbon, ranging from 0.3 mm to 0.7 mm relative to control participants. The atrophy that occurred between 1998 and 2003 was greater than that between 1993 and 1998, suggesting an aging-related degenerative process (Salat et al., 2006) . T1-weighted images also revealed infarcts in a number of subcortical gray matter structures, including the thalamus and putamen. Consistent with earlier imaging studies, H.M.'s cerebellum was severely atrophied. In T2-weighted images, Salat et al. noted significant white matter hyperintensities throughout H.M.'s brain that were especially pronounced in the inferior frontal gyrus near the corpus callosum. These new abnormalities appeared to be the result of high blood pressure and small vessel disease. We also collected the first diffusion MRI scans of H.M.'s brain, allowing the examination of fractional anisotropy (FA) maps to quantify the microstructural integrity of the white matter. Overall, H.M. had decreased FA compared to matched controls, and the focal areas of white matter damage had reduced FA. We never found any abnormality that would account for his original seizure disorder.
Current Study
H.M. died on December 2, 2008. That night, we conducted a wide variety of in situ MRI scans in a 3 T scanner at the Mass General Athinoula A. Martinos Center for Biomedical Imaging. The next morning, H.M.'s body was transported to the Mass General Morgue where Matthew Frosch, Director of the Neuropathology Unit, performed an autopsy. Jacopo Annese assisted with the autopsy. Photographs taken immediately afterward provided the first documentation of H.M.'s lesions in his physical brain. After 10 weeks of tissue fixation, we obtained ex vivo structural data at ultra-high resolution using 3 T and 7 T magnets. This postmortem research had two goalsto document the specific structures that were removed and spared in H.M.'s brain, based on the gross examination of the fresh brain and analysis of the MRI images, and to relate the behavioral dissociations documented during H.M.'s life to the precisely established sparing and loss of brain tissue. An additional motivation for the ex vivo imaging was to provide an MRI-based method to later register the histological sections in 3D. The Partners Human Research Committee approved all studies described here. In this report, we first introduce the anatomical structures that define the medial temporal lobe region and then describe H.M.'s autopsy and MRI results.
MATERIALS AND METHODS

Participant, H.M
At the time of his death, H.M. was 82 years old. The cause of death was arteriosclerotic cardiovascular disease. In 1992, H.M. and his court-appointed conservator had signed a brain donation form authorizing Mass General and MIT to perform a postmortem examination upon his death, and the conservator gave consent for the autopsy the evening H.M. died.
Neuroanatomy of the Intact Adult Medial Temporal Lobe-Terminology
To establish the terminology used in this report, we first describe pertinent structures in an intact adult brain, focusing on the medial temporal lobe region (Rosene and Van Hoesen, 1987; Gloor, 1995; Insausti et al., 1995; Van Hoesen, 1995; Insausti et al., 1998) . To educate the reader on the relevant structures, we selected nine blockface images from a control case (60 year old, male) in our MGH brain collection and labeled them (Fig. 1) . The areas include the piriform cortex (primary olfactory cortex), mesocortices of the parahippocampal gyrus (entorhinal and perirhinal cortices), and temporal polar cortex; the hippocampal formation-hippocampus, subiculum, and dentate gyrus; and the subcortical collection of nuclei that comprise the amygdala (Fig. 1) . The structures and slices are described from anterior to posterior.
The temporal pole is divided into four regions: dorsal, ventral, medial, and lateral. Anteriorly, the temporal polar cortex hangs unattached to other brain tissue for 1.5 cm (Fig. 1A) , after which the temporal lobe joins the frontal cortex at the level of the limen insula. At this level, several features are noteworthy. The frontal insula and temporal insula merge together, the temporal polar cortex ends, and the piriform cortex begins to occupy the medial temporal area (Fig. 1B) . The sulcal configuration in this region is complicated because the rhinal sulcus is incipient in humans and not present in all brains. The main sulci that outline the parahippocampal gyrus include the rhinal sulcus anteriorly, albeit variably, and the collateral sulcus laterally. The control case illustrated in Figure 1 does not exhibit a rhinal sulcus. If a rhinal sulcus were present, it would reside approximately at level B, at the level of the piriform cortex. Deep to the parahippocampal gyrus, the endorhinal sulcus dorsally separates the corticomedial nuclei of the amygdala from the optic tract area, the sulcus semi-annularis separates the medial parahippocampal cortex from the corticoamygdalatransition-area, and the hippocampal fissure separates the parahippocampal gyrus from the hippocampus (Figs. 1C-F) . At the point where the frontal and temporal lobar regions connect, the temporal stem, one of the major white matter conduits for the temporal lobe, appears.
The amygdala lies posterior and slightly dorsal to the piriform cortex, which is situated deep beneath the parahippocampal cortex between the olfactory cortex anteriorly and the hippocampus posteriorly. The key amygdala nuclei are (from lateral to medial) the lateral nucleus, basal nucleus, accessory basal nucleus, paralaminar nucleus, medial nucleus, cortical nucleus, and corticoamygdala-transition-area (Figs. 1C,D) . At the medial most edge of the amygdala, three nuclei line up from superior to inferior: medial nucleus, cortical nucleus, and corticoamygdala-transition area (Figs. 1C,D) .
At the amygdala's broadest part, immediately anterior and slightly dorsal to the hippocampus, the parahippocampal gyrus is also at its largest width. The anterior parahippocampal gyrus contains two Brodmann areas, area 34 medially and area 28 laterally (Brodmann, 1909; Lorente de No, 1934) . Brodmann area 34 corresponds to the gyrus ambiens and sometimes has a bulbar configuration that is often mistaken for the uncus of the hippocampus, but the uncus resides deep to the gyrus ambiens and slightly posterior (Fig. 1D) . The hippocampal fissure borders the uncus and lower bank of the parahippocampal gyrus where the subicular cortices are located (Fig. 1E) . Brodmann area 28 makes up a substantial component of the parahippocampal territory and occupies the entire crown of the anterior parahippocampal gyrus, commonly referred to as the entorhinal cortex. Equally prominent within the parahippocampal cortex is the entorhinal cortex's neighbor laterally, the perirhinal cortex (Figs. 1B-I ). The perirhinal cortex (Brodmann area 35, Braak's transentorhinal) (Braak and Braak, 1985) is sometimes slightly larger than the entorhinal cortex and surrounds it anteriorly, laterally, and posteriorly (Insausti et al., 1998; Van Hoesen et al., 2000; Ding and Van Hoesen, 2010) . The perirhinal cortex lies lateral to the rhinal sulcus but medial relative to the collateral sulcus, once the collateral sulcus has begun (Van Hoesen et al., 2000; Ding et al., 2009 ). The ectorhinal cortex (Brodmann area 36) is temporal isocortex; we classify it separately from perirhinal cortex based on the fact that perirhinal area 35 is agranular and dysgranular (area 35a periallocortex and 35b proisocortex, respectively), whereas temporal isocortex (area 36) contains a granular layer. On the crown of the posterior parahippocampal gyrus, areas TH and TF (von Economo and Koskinas, 1925; von Bonin and Bailey, 1947) make up the remaining parahippocampal cortex as it ends caudally at the retrosplenial cortex and calcarine sulcus (TH-TF, not illustrated).
The hippocampal formation comprises the hippocampus proper, subicular cortices (subiculum, presubiculum, and parasubiculum), and dentate gyrus (Rosene and van Hoesen, 1987) . The hippocampus proper contains subfields CA1, CA2, CA3, and CA4, named for cornu ammonis because it resembles a ram's horn. The hippocampus, which contains four main structural parts, genu (Fig. 1D) , head (Figs. 1E-G), body (Figs. 1G-I), and tail (not illustrated), sits deep beneath the parahippocampal cortex. Its structure changes significantly from anterior to posterior, with the head being disproportionately larger than the body and tail. The head of the hippocampus is made up of several convolutions, the pes hippocampi, where the medial-most convolution defines the uncus (Figs.  1E,F) . The inferior horn of the lateral ventricle makes its first appearance at the level of the amygdala and hippocampal head.
Autopsy and Fixation
On December 4, 2008, when the postmortem interval was 19 hrs, Matthew Frosch conducted the autopsy. H.M.'s brain was fixed in standard 10% formalin for several hours and was then transferred to buffered 4% paraformaldehyde. The fixative solution was changed twice during the two months that it remained in the Mass General Department of Pathology, allowing the brain tissue to fix thoroughly. On February 12, 2009, when it was transferred to the Martinos Center for ex vivo scanning, it remained in 4% paraformaldehyde.
In Situ MRI Acquisition
On the evening of December 2, 2008, just under 4 hr after H.M.'s death in Windsor Locks, Connecticut, we collected in situ scans at the Mass General Martinos Center. In situ refers here to postmortem imaging of the brain in the head. Images were collected in a 3 T Siemens (Erlangen, Germany) TIM Trio MRI scanner with a 32-channel head coil. We determined beforehand that the configuration of this system (in particular, the imaging gradient switching and RF energy deposition) would not damage the brain by heating the tissue or by heating or vibrating the surgical clips.
Because subject fatigue and motion were not an issue and scanning could continue for several hours, we collected highquality, high-resolution images that would not be possible in a living subject. The in situ 3 T session lasted 9 hr. We obtained a wide range of contrasts of the unfixed brain with different scan types and high-resolution anatomical images.
We first acquired a full set of standard clinical scans for comparison with antemortem images. In addition, we obtained a 2 mm isotropic diffusion scan, 1 mm isotropic single and multiecho MPRAGEs (Mugler and Brookeman, 1990; , 1 mm isotropic multi-flip angle multiecho FLASH scans with 2 mm isotropic B16 maps, and multiple averages of a 440 lm isotropic single-echo multi-flip angle FLASH scan. All scans were automatically localized for acquisition using AutoAlign (van der Kouwe et al., 2005; Benner et al., 2006) . The synthetic images presented in this report were generated using estimates of intrinsic tissue parameters derived from a combination of acquired multiecho FLASH images with native contrast .
Clinical scans
We obtained five standard clinical scans: (1) sagittal T1-weighted spin-echo, (2) axial T2-weighted turbo-spin-echo, (3) axial FLAIR, (4) susceptibility weighted imaging (SWI), and (5) diffusion with matching B0 field map. Prescan intensity normalization was applied to all scans. 
Standard anatomical scans for morphometry
We collected a standard set of 1 mm isotropic anatomical scans designed to elucidate brain morphometry using FreeSurfer (http://surfer.nmr.mgh.harvard.edu) (Dale et al., 1999; Fischl et al., 2002 Fischl et al., , 2004 . The set consisted of T1-weighted multiecho MPRAGE (MEMPR) for cortical modeling and subcortical segmentation, multiecho FLASH (MEF) for tissue parameter quantification, and T2-SPACE and FLAIR T2-SPACE for T2 contrast. Prescan normalization was applied to all scans, and, for accurate alignment, scans were matched with respect to geometry and bandwidth (thus, degree of distortion). 
T1-weighted 3D-encoded 4-echo MEMPR (van der
T2*-weighted anatomical scans
To quantify tissue T2*, we carried out a multiecho FLASH scan according to a protocol that had a longer TR and more widely spaced echoes than the 8-echo FLASH described above. We also repeated the 8-echo FLASH protocol at 2 mm isotropic resolution (two repetitions of T acq 6 m 42 s with 128 3 128 matrix).
3D-encoded 8-echo FLASH (T acq 14 m 15 s)
. 128 sagittal partitions of 1.33 mm, 256 mm field of view with 192 3 192 matrix, phase encode AP (1.33 mm isotropic), 23 GRAPPA with 32 reference lines. TE (3.41 1 n 3 6.9 1 n 3 (n 2 1)/2 3 0.1) ms (n 5 0,.,7) (uneven spacing for phase unwrapping), TR 60 ms, BW 202 Hz/px, FA 20 (nonselective), magnitude and phase images.
High-resolution anatomical scans
We dedicated 5 hr of the in situ scanning time to obtaining high-resolution anatomical scans, using a single-echo FLASH protocol with an isotropic resolution of 440 mm. 
Quality control scans
We obtained additional scans to correct artifacts. For the diffusion scans, matching B0 field maps were acquired. We collected data for 1 mm isotropic DESPOT1, DESPOT2, and HiFi analyses (Deoni et al., 2003 (Deoni et al., , 2005 Deoni, 2007) . Based on these results, we chose the optimal range of flip angles for the subsequent FLASH scans. We obtained a B1 transmit map using Actual Flip Angle Imaging (Yarnykh, 2007) at 2.5 mm isotropic resolution and a B1 transmit/ receive map by imaging at 2 mm isotropic resolution with the body coil and with each element of the 32-channel array. In addition, we acquired a gradient echo EPI series of volumes (TR 3 s, 192 measurements, 3 mm resolution with 0.6 mm gap between slices, 42 slices). Two additional runs used an experimental radial and Cartesian-encoded gradient echo protocol with an ultrashort echo (FLUSTER) (Van der Kouwe, 2008) (data not shown).
Ex Vivo Imaging
Ex vivo imaging occurred after H.M.'s brain had been stored in 10% formalin for 10 weeks. The fixed brain was placed in a custom-made Plexiglas chamber and imaged at high field (Annese et al., 2014) . We repeated the in situ scans ex vivo, and as expected the images confirmed the observations made in in situ.
High-resolution scans (7 T)
We used a 7 T Siemens scanner based on the Avanto platform for high-resolution imaging with a 31-channel custombuilt head coil. The highest resolution images were 210 lm isotropic single-echo multi-flip angle FLASH scans. We measured coil covariance for image reconstruction and obtained 1.68 mm isotropic B1 transmit/receive maps and a two-echo gradient echo field map (2 mm 3 2 mm 3 3 mm resolution) for image correction.
We dedicated 15.5 hr of scan time to collecting highresolution images of the entire fixed brain. Encoding at 210 mm isotropic resolution with the 31-channel head coil required offline image reconstruction because the k-space data volumes were larger than the 32 GB of RAM available on the scanner image reconstruction computer. The k-space data were streamed to an external storage site during acquisition because the total amount of data per scan exceeded the 320 GB of disk space available on the scanner RAID. We used the coil covariance matrix to combine the signals from the 31 head coil channels to form a single image volume (Roemer et al., 1990) . 
Temperature Monitoring
From the time of H.M.'s death until his body reached the Martinos Center, his head was enclosed in a Cryopak Ice Blanket to keep his brain cool. During the in situ scanning, room temperature was maintained at 18 C. During ex vivo scanning, we monitored temperature carefully, keeping it below 19 C on the outer surface of the chamber at 3 T and 7 T. Temperature was a concern because RF energy deposition during MR imaging can heat the sample. To ensure that temperature fluctuations due to imaging would be well below normal fluctuations in room temperature, we previously monitored a test sample (whole brain) during imaging with the highest specific absorption rate sequences. A multichannel fiber optic temperature sensor (Neoptix, Inc., Quebec, Canada) recorded the temperature in four areasdeep in the tissue, close to the inner wall of the chamber, on the outer surface of the chamber, and in the room air. As expected, even during high (100%) specific absorption rate protocols, the temperature inside the tissue never increased more than 4 C relative to the inside and outside of the container. The specific absorption rate of RF energy for the 3 T diffusion sequence was close to 100% of the clinically safe value imposed by the scanner hardware, and it was substantially lower for the other protocols. The room temperature was at the minimum thermostat setting (18 C), and an additional fan was used to dissipate heat from around the chamber. The temperatures of the outer surface of the chamber and the surrounding air were monitored with the fiber optic system. Because these temperatures never exceeded 19 C, we reasoned that the temperature of the brain tissue never went above 23 C during imaging. We believe that the temperature differentials were even smaller during in situ imaging because the imaging session was shorter, the protocols were less energy intensive, and the energy could dissipate throughout the body.
RESULTS
Lesions in the Fresh Brain
The unfixed brain weighed 1,100 g, 200 g less than one would expect for a 6-foot-tall, healthy man. Photographs of the brain taken immediately after its removal from the skull showed the overall topography of the gross brain to be relatively preserved. Notably, the olfactory bulbs and tracts were intact, and we saw no explicit damage, with the obvious exceptions of the medial temporal lobe excisions and a shriveled cerebellum (Fig. 2) . The dashed white lines drawn laterally and posteriorly illustrate where a normal sized cerebellum would be. The blood vessels appeared mildly atherosclerotic. In the right ventral temporal lobe, we identified a black surgical clip, which we believe was intentionally left behind by Scoville to prevent bleeding (Scoville and Milner, 1957) . A second clip was located in the left temporal lobe. The medial temporal lobe lesions began immediately to the left and right of the optic nerves, which had been cut during the autopsy so the brain could be pulled out of the skull, leaving the eyes intact. On both sides, the lesion extended posteriorly from the temporal polar cortex through the parahippocampal gyrus until about the level of the halfway point of the basilar artery. In a normal case, the gyrus ambiens would reside immediately and slightly anterior to the uncus. In H.M., medial tissue remained on both sides but to a greater extent on the left (Figs. 3A,B) . We could not determine definitively whether the remaining medial tissue on the left was uncus or gyrus ambiens because the banks of the hippocampal fissure and other landmarks had been surgically removed. The histological analysis, which will be the topic of a later report, will reveal whether the cytoarchitecture of this tissue is hippocampal (allocortical) or cortical (periallocortical). Continuing posteriorly, significant scar tissue occupied the medial temporal areas bilaterally.
In Situ MRI
The several different contrasts acquired in situ provided an MEMPR (T1-weighted) image (Fig. 4A) with the classic MRI contrast that shows CSF as dark and white matter as white. In the T2-SPACE acquisition (Fig. 4B) , white matter was relatively dark, gray matter was brighter, and CSF was brightest. Because the lesion void was filled with CSF, it appeared bright in the image. In the T2-SPACE acquisition with fluid attenuation (FLAIR) (Fig. 4C) , the CSF in the region of the lesion was dark, but the remaining tissue fragments were relatively bright and clearest compared to other contrasts. The bottom panels of Figure 4 show quantitative proton density (PD) (Fig.  4D ) and T1 estimates (Fig. 4E) together with a synthetic image constructed from the corresponding 440 mm volumes (Fig. 4F) . We estimated the T1 and PD volumes from a combination of multiecho FLASH scans with different flip angles. Figure 4D shows only PD contrast (arbitrary units, but proportional to spin density); Figure 4E shows estimated T1 relaxation time (sec). PD reflected only the proton (or spin) density and was a relatively flat contrast. The lesions appeared fairly bright because CSF is relatively dense in free water, while the PD of white matter is slightly less than that of gray matter. Both appeared darker than CSF in the PD image. Because higher T1 produces darker voxels in T1-weighted images, the image showing the absolute T1 value had the opposite contrast of the MEMPR (i.e., white matter is darker than gray matter and CSF in the quantitative image because white matter has a shorter T1 relaxation time). To optimize contrast and increase signal-to-noise, we created a synthetic image from the FLASH scans (Deoni et al., 2003; Fischl et al., 2004) . Figure 4F shows the synthetic FLASH image that would result if the TR had been 22 ms, flip angle had been 20
, and TE had been 0. This image was synthesized from the PD and T1 estimates by applying the steady-state FLASH model, in the reverse of the estimation procedure. We chose the TR and flip angle to achieve optimal discrimination between the structures segmented by FreeSurfer (http://www. surfer.nmr.mgh.harvard.edu/), based on contrast (TE 0 implies no signal decay due to T2* relaxation). The synthetic image in Figure 4F has a T1-weighted contrast similar to the MPRAGE.
Lesions in medial temporal lobe structures
Here we describe the specific medial temporal lobe areas that were explicitly removed and identify other structures that remained. The 12 coronal MR images (Fig. 5) highlight the lesion extent and illustrate remaining anatomical structures, based on remaining landmarks (Figs. 5A-L) . Levels are spaced 4 mm apart. The first image shows the temporal pole where the anterior-most portion of the lesion began (Fig. 5A) . The medial temporopolar cortex, mainly dysgranular area 38 and area 36, were removed. The temporal polar sulcus, located dorsally, was partially destroyed.
In the second image (Fig. 5B) , the lesion entered prime temporal polar cortex territory, where we observed the optic nerves (slightly off the midline) and the caudate nucleus. Here, the limen insula had not yet connected to the frontal and temporal lobes. The temporal polar areas, 38 and area 36, were still absent at this level. The olfactory tract, seen inferiorly to the orbitofrontal gyrus, appeared normal. The third image (Fig. 5C) was approximately at the level of the anterior amygdala.
The fourth image (Fig. 5D ) fell at the level of the optic chiasm. Presumptive medial structures were the posterior piriform cortex, part of perirhinal cortex (area 35), and temporal isocortical area 36. In all slices described thus far, the medial temporal stem was partially damaged bilaterally, and the white matter quality appeared compromised, with the lesion in the left hemisphere extending farther medially than in the right. The collateral sulcus appeared in images four through eight (Figs. 5D-H) , and perirhinal cortex occupied its medial bank.
A small part of the entorhinal cortex appeared in the fifth and sixth images (Figs. 5E,F) , but only on the extreme lateral convexity of the gyrus. The border between the entorhinal and perirhinal cortices typically falls on the corner of the parahippocampal gyrus near the collateral sulcus. The fifth image captured the emerging optic tracts, anterior commissure (midline), and caudate/putamen (Fig. 5E ). The anterior-most amygdalaspecifically parts of the endopiriform nucleus and the corticoamygdalo-transition-area-might have been present in this image. Noticeably, the anterior-amygdala-area was lacking at this level. The landmarks in the sixth image included the optic tract, anterior commissure laterally (very subtle), caudate/ putamen/anterior limb of the internal capsule, globus pallidus, hypothalamus, and columns of the fornix, indicating that this slice was at the level of the mid-amygdala (Fig. 5F ). In a healthy brain, this level would represent the amygdala at its largest extent along with the gyrus ambiens (Brodmann area 34 in humans). The left side may have contained a portion of the semilunar gyrus slightly dorsal to gyrus ambiens; this possibility will be examined in the histological analysis. Figure 5F shows the best MRI example of the medial tissue that remained. The hypothalamus appeared atrophied, likely due to the lack of hippocampal input, and the fornix and hippocampal commissure showed significant atrophy.
The seventh image is where one would expect to see the posterior amygdala, subiculum, and anterior-most hippocampus, given that other landmarks usually present at this level are visible-the mammillary bodies of the hypothalamus, the thalamus, putamen, globus pallidus, and the optic tract (tucked in medially) (Fig. 5G) . The spared posterior hippocampal tissue first appeared in this slice, with the right side showing more hippocampal head than the left (Fig. 5G) .
The eighth image (Fig. 5H ) embodied the presumptive uncal hippocampus and anterior dentate gyrus level, where neighboring anatomical landmarks were the cerebral peduncles, red nucleus, substantia nigra in the brainstem, anterior nucleus of the thalamus and posterior putamen. In the ninth image (Fig. 5I) , the right hippocampus began to resemble the classic hippocampal shape, and this slice showed the body of the hippocampus for the first time. The tenth image exposed the body of the hippocampus where the lateral geniculate nucleus of the thalamus made its first appearance, defining the end of the entorhinal cortex (Fig. 5J) . Images ten and eleven revealed badly damaged parahippocampal gyri, especially on the left side (Figs. 5J,K) . Images eleven and twelve showed the shrunken posterior body and tail of the hippocampus (Figs.  5K,L) . In the twelfth image, the posterior thalamus (pulvinar), fimbria-fornix, and posterior commissure all came into view (Fig. 5L) . In summary, the high-resolution, high-contrast images reported here indicated that the areas removed bilaterally by suction during H.M.'s experimental operation were the medial temporopolar cortex, piriform cortex, virtually all of the entorhinal cortex, most of the perirhinal cortex (area 35), a large amount of subiculum, amygdala, except the dorsal most nuclei (i.e., central and medial), most of the hippocampus (head and body), and the dentate gyrus (posterior head and body). Parts of posterior parahippocampal gyrus (roughly equivalent to TH and TF) remained but were damaged. Other medial temporal lobe areas spared bilaterally were: the dorsal-most amygdala, part of the hippocampal-amygdalo-transition-area, a portion of perirhinal area 35, a medial portion of the hippocampus or gyrus ambiens, and the posterior body and tail of the hippocampus. The major sulci in the medial temporal lobe were remarkably well preserved bilaterally, with the exception of the hippocampal fissure. The collateral sulci were partially present, but shallow. The endorhinal sulci were present dorsally and medially, the sulci semi-annularis were spared medially, but the rhinal sulci were absent rostrally.
Ex Vivo MRI
At higher field strength (7.0 T), we acquired ultra-highresolution images at 210 mm for the whole brain. Because the brain was suspended in 4% paraformaldehyde during scanning, the background contained some MRI signal from the water molecules in the solution. The contrast to noise ratio (CNR) and signal to noise ratio (SNR) were compromised for two reasons-the tissue contrast and solution contrast were similar, and the resolution was high. Due to the preciousness of this brain, we chose not to subject it to a proton-free liquid, such as Fomblin. Had we used a proton-free liquid, we would have avoided the unsatisfactory background observed in the 7.0 T images (Fig. 6) . Even with the high background, however, the ex vivo scans showed new details, and we delineated specific landmarks, such as the endorhinal sulcus and collateral sulcus, which helped determine the exact boundaries of the lesion. We outlined the lesion with dotted lines at three pertinent anterior-posterior levels: the anterior commissure, columns of fornix, and mammillary bodies. The high-resolution ex vivo scans provided additional information about the exact shape of H.M.'s lesions.
At the level of the anterior commissure, the anterior-most levels of the entorhinal cortex (i.e., the piriform cortex) and the extreme anterior parts of amygdala were removed (Fig.  6A) . It is noteworthy that at this level, the lesion represented a rectangular shape and showed sharp 90 angles at the innermost (and superior) borders.
The second level is at the columns of the fornix (Fig. 6B ). At this mid-amygdala level, the lesion shape, indicated by the dotted white lines, became irregular, especially on the left (Fig. 6B) . The white arrow points to tissue that was likely the anterior hippocampus. The third medial temporal lobe level is at the mammillary bodies of the hypothalamus, where the hippocampal head is largest. The right lesion appeared significantly larger than the left in the medial-lateral direction, consistent with our lesion measurements. Based on the quantitative data and these qualitative data, the right-sided lesion was slightly shorter than the left-sided in the anterior-posterior plane but slightly wider in the medial-lateral plane.
Lesion Size
We defined the overall length and width of H.M.'s lesion as the distance parallel to the anterior-posterior direction and leftright direction, respectively. We considered the lesion measurements in two ways, the total ablation and the total ablation plus damaged cortex. For the left-sided lesion, the length from the tip of the temporal lobe was 4.6 cm for the ablation and 6.0 cm for the ablation and damaged cortex (Fig.  7) . For the right-sided lesion, the length from the tip of the temporal lobe was 4.2 cm for the ablation and 5.5 cm for the ablation and damaged cortex (Fig. 7) . These dimensions indicated that the left medial temporal lobe lesion was larger than the right. The width was 2.04 cm on the left and 1.89 cm on the right at the temporal pole, 1.54 cm on the left and 1.63 cm on the right at the amygdala/uncus, and 1.02 cm on the left and 0.95 cm on the right at the hippocampal tail. The overall shape of the lesion matched a truncated cone with the wide base anterior and the narrow end posterior.
We also obtained two high-resolution anatomical volumesthe 440 lm in situ volume and the 210 lm ex vivo volume. Both were synthesized from multiple FLASH scans collected at different flip angles. The in situ 440 lm volume had near in vivo contrast, with gray matter appearing darker than white matter and CSF that was dark, but not black (visible also in the vicinity of the lesion).
The ex vivo 210 lm volume had a different contrast because the tissue was fixed (tissue classes are better distinguished by T2* contrast in fixed ex vivo brain tissue) (Tovi and Ericsson, 1992) . In these images, gray matter was brighter than white matter and exhibited distinct layers, such as the stria Gennari, which were not visible in the in situ scans. Because the brain was packed in paraformaldehyde, which generated a relatively strong signal that was comparable to white matter, the ventricles and region of the lesion were not extremely distinct from the adjacent structures. The cotton packing and the brain contained small bubbles, and the latter gave rise to spin dephasing artifacts, which were exaggerated by the choice of a long TE, a consequence of the low bandwidth needed to obtain reasonable SNR and gradient strengths at the required high resolution.
The white matter was noticeably inhomogeneous in both the in situ and ex vivo images, presumably a consequence of agingrelated white matter disease. In the ex vivo images, B1 1 (RF transmit field) inhomogeneities due to the dielectric resonance effect at high field contributed further to overall image nonuniformity. Despite the fact that we invested 15.5 hrs in the 210 lm volumes vs. 2.5 hrs for the 440 lm, SNR was higher for the 440 lm volume because SNR falls dramatically with increasing isotropic resolution. SNR was roughly 20 to 50 and 130 to 150 for brain tissue in the 210 lm and 440 lm volumes, respectively. These values are approximate because SNR varies spatially, and the noise distribution is not precisely Gaussian. We selected protocols that would give reasonable SNR in the time available. The CNR (gray/white) for the 440 lm data was 14.7. In the 210 mm data, CNR measures for gray/white matter were 15.1 for high signal areas and 5.7 for medium signal areas. The SNR measures in these regions were 4.24 and 3.39, respectively (Fig. 4) .
Structures Outside the Medial Temporal Lobes
Cerebellum
The cerebellum was severely atrophic and at autopsy appeared nearly half the size of a healthy cerebellum. The cerebellar atrophy seemed uniform with the flocculonodulus, vermis, and lateral hemispheres all reduced in size. In the in situ MRI images, we observed the dentate nucleus, the largest of the deep cerebellar nuclei, in its usual location, but we could not detect the other nuclei (fastigial, globose, emboliform), given the resolution (440 um) 3 .
Aging-related changes
At the end of his life, H.M. became demented. Multiple small strokes due to untreated hypertension and white matter atrophy likely contributed to his mental deterioration. The black spots in the MRI images indicate hypertensive disease and were particularly notable in the brainstem in Figure 4A . As a consequence of the untreated hypertension and perhaps other aging processes, we observed extensive isocortical and subcortical atrophy in all structures. Limbic structures such as the fornix, hippocampal commissure, and mammillary bodies, which were connected to the hippocampus before the surgery, were markedly degenerated (Fig.  5G) . Similarly, the extended amygdala (centromedial amygdala and bed nucleus of stria terminalis) and other structures (i.e., the substantia inominata, including the nucleus basalis of Meynert and the diagonal band of Broca) showed noteworthy deterioration, as did the ventral striatopallidal areas. In the basal forebrain, the atrophy was so extensive that it was difficult to discern the location of nuclei. Degeneration went beyond the limbic cortices and limbic-related areas. We observed severe atrophy in the striatopallidum (caudate, putamen, globus pallidus) and thalamus (anterior nucleus, ventral anterior nucleus, mediodorsal nucleus, lateral posterior, lateral dorsal nucleus, pulvinar nucleus, medial geniculate nucleus and lateral geniculate nucleus) as demonstrated by the large size of the third ventricle (Figs. 5H-J) . We noted atrophy of the anterior commissure and all parts of the corpus callosum. The corpus callosum appeared so thin that it resembled the thickness Axial view of the multiecho FLASH images. Line measurements were acquired in the axial plane to assess the anterior-posterior lesion size. The ablation on the right side measured 5.5 cm while the left measured 6.0 cm. The left temporal lobe lost considerably more cortex during surgery. Note the cerebellar atrophy due to Dilantin.
of a healthy anterior commissure. We found isocortical thinning in all areas, including primary and secondary sensory and motor cortices. Shrinkage was especially pronounced in prefrontal, temporal, parietal, and occipital association areas.
White Matter Integrity
The diffusion imaging data acquired as part of the imaging sessions will be reported at a later time. The structural images, however, demonstrated a clear and substantial deterioration of the connective integrity of H.M.'s brain, with overt macrostructural white matter lesions throughout several portions of the cerebrum (Fig. 5) . We previously described this damage and noted that hints of white matter deterioration were apparent as far back as 1998 when he was 72 (Corkin et al., 1997; Salat et al., 2006) . In the 2008 imaging sessions, dark bands of hypointense white matter in T1 images were obvious throughout the periventricular regions. Such changes are commonly observed in older adults, but the degree of alterations here was well beyond what could be considered a benign consequence of aging.
Blood Supply
We did not explicitly trace the blood vessels in H.M.'s brain, but based on the anatomical areas that were surgically removed, it is likely that the blood supply was also interrupted. The arterial origins of the vascular supply to the medial temporal lobe include the middle cerebral artery, internal carotid artery, anterior choroidal artery, and posterior cerebral artery. From the fresh brain, it appeared that the anterior temporal artery, a branch of the posterior cerebral artery was removed bilaterally. The anterior choroidal artery, known to supply the anterior hippocampus, was absent on both sides, as was the anteroinferior parahippocampal artery, which supplies the anterior parahippocampal gyrus (i.e., entorhinal cortex). The posterior temporal artery was spared on both sides (Figs. 2 and 3) as well as the posterior parahippocampal artery, which supplies the posterior parahippocampal gyrus (i.e., TH and TF). Further tissue damage suggested that the posterior hippocampal artery, which supplies the posterior hippocampus, was compromised bilaterally.
DISCUSSION
The onset of H.M.'s profound memory impairment immediately after the operation established for the first time that removal of the hippocampus and surrounding structures causes amnesia (Scoville and Milner, 1957) . The postmortem studies reported here are part of an ongoing effort to characterize the damage as precisely as possible. Our first goal was to document in detail the medial temporal lobe lesions, and the second was to examine the integrity of other structures that likely supported his intact intellect and preserved learning capacities. Bearing this anatomical information in mind, we associate specific cognitive processes that were impaired or spared in H.M. to particular circuits inside and outside the medial temporal lobe. Many of the findings with H.M. informed ongoing controversies in cognitive neuroscience concerning dissociations of function.
This report extends previous anatomical findings in MRI by revealing more detail and specific anatomy about what structures were removed or spared. The autopsy photographs showed the dense scar tissue in H.M.'s lesion and the marked cerebellar atrophy, while the MRI data, including in situ and ex vivo images, capitalized on improved contrast and resolution to reveal the lesion shape (or remaining tissue shape) and the precise measurements for lesion size. For example, the improved contrast highlighted tissue that may be the gyrus ambiens or a sliver of the anterior uncus. It is difficult to estimate whether this tissue is gyrus ambiens (medial part of entorhinal cortex) or uncal hippocampal tissue (i.e., medial CA1) and this new finding must be evaluated histologically. The high-resolution MRI also showed contrast differences between damaged and undamaged tissue that allowed more precise measurement of overall lesion size and shape. In this report, the lesion, measured from 440 mm 3 MRI, was 6.0 cm on the right and 5.5 cm on the left, suggesting that Scoville (Scoville and Milner, 1957) overestimated the lesion at 8 cm while Corkin and colleagues (Corkin et al., 1997) slightly underestimated the right-sided lesion at 5.1 cm. The high-resolution MRI also revealed the shape of the lesions, which exactly followed the contour of the parahippocampal gyrus, wider anteriorly and narrower posteriorly. Previous in vivo MRI images showed that H.M. developed significant white matter damage and cortical thinning as he aged (Salat et al., 2006) . The new in situ MRI findings provide evidence of white matter disease progression, showing that at the time of H.M.'s death, his white matter was riddled with white matter signal abnormalities and extensive cortical thinning. Cortical thinning and white matter signal abnormalities were widespread, and no structure was spared. The following paragraphs review how H.M.'s lesions relate to the rich body of behavioral data collected over 55 years.
Lesion Dimensions
Overall lesion size
At the time of H.M.'s operation, Scoville estimated that the lesion extended 8 cm back from the tip of the temporal lobe. If this had been the case, then the damage would have invaded visual cortex, which it did not. With the advent of MRI, we were able to get a more accurate idea of lesion size. The in vivo MRI estimates in the rostrocaudal extent, based on 1 mm MRI data, were 5.4 cm on the left and 5.1 cm on the right (Corkin et al., 1997) . The comparable postmortem MRI dimensions were slightly greater, showing that H.M.'s lesion was 6.0 cm on the left and 5.5 cm on the right (Fig. 7) . The high-resolution in situ data allowed us to measure the excision and the damaged tissue more precisely. In the left temporal lobe, the excised region measured 4.6 cm, the damaged area an additional 1.5 cm, and the entire lesion 6.0 cm. On the right side, the excision measured 4.2 cm, the damaged region an additional 1.4 cm, and the whole lesion 5.5 cm. The ex vivo measures were more accurate because of the superior resolution we could obtain in long scan sessions at 3 T and 7 T that would not have been feasible in vivo. We hypothesize that the greater lesion size was due in part to age-and disease-related degeneration. The in situ MRI findings reported here are the most accurate measures of H.M.'s lesion size because the brain had not yet been distorted by removal and fixation procedures.
Correlation between lesion size, distribution, and severity of amnesia H.M. had both extensive amnesia and large medial temporal lesions, suggesting that amnesia severity is related to lesion size. His amnesia was more profound than that of Penfield and Milner's patients F.C. and P.B., whose excisions for epilepsy and pre-existing damage spared a considerable amount of medial temporal tissue (Penfield and Milner, 1958; Milner, 1959) . More recent findings from Squire's laboratory extend the evidence concerning correlations with lesion size and support the view that lesions restricted to the hippocampus produce less severe memory loss than lesions of the hippocampus plus other temporal lobe areas. R.B.'s lesion, limited to the CA1 field, resulted in moderately severe amnesia (Zola-Morgan and Squire, 1986), whereas two other patients, G.P. and E.P., with damage to their entire medial temporal lobes bilaterally, were profoundly amnesic (Stefanacci et al., 2000; Bayley and Squire, 2005) . Notably, E.P.'s lesion included the temporal pole, amygdala, entorhinal cortex, hippocampus, perirhinal cortex, and rostral parahippocampal cortex and also extended into lateral temporal neocortex; his declarative memory was even more impaired than H.M.'s (Insausti et al., 2013) .
Medial Temporal Lobe Structures Excised and Spared
After H.M.'s death in 2008, we assessed his lesion using high-resolution in situ and ex vivo MRI. These images showed that the following areas were removed or damaged: substantial portions of the medial temporopolar, piriform, entorhinal, perirhinal, and parahippocampal cortices, as well as the subiculum, presubiculum, parasubiculum, amygdala, hippocampal fields CA1, CA2, CA3, and CA4 (in the hippocampal head and body), and dentate gyrus (posterior head and body). Further, our analyses suggested that a few noteworthy structures survived the medial temporal lobe surgery and may have been more difficult to discern with in vivo MRI scans due to lower resolution (Corkin et al., 1997; Salat et al., 2006) . Notably, several areas within the amygdala were spared-parts of the amygdalar medial nucleus, cortical nucleus, cortical amygdaloid transition area, amygdala-striatal zone, endopiriform nucleus, and a portion of the central nucleus. Also visible were the hippocampal-amygdalo-transition-area (HATA), a small portion of the uncus, the tail of the hippocampus (2 cm), a small part of the perirhinal cortex (Brodmann area 35) , the entire ectorhinal cortex (Brodmann area 36) , and 2 cm of the posterior parahippocampal gyrus. Although the residual hippocampal, perirhinal, and parahippocampal tissue was first documented in the 1992 and 1993 MRI images (Corkin et al., 1997) , the present findings further specify the locus and extent of the spared tissue.
Neural Substrate for H.M.'s Amnesia
Parahippocampal cortices and hippocampal formation
After his operation in 1953, H.M. could not consolidate and retrieve new facts and events, documenting for the first time that circuits within the medial temporal lobe are necessary for the establishment of long-term declarative memory (Scoville and Milner, 1957) . Memory experiments carried out over the next five decades showed that H.M.'s deficits were severe and extensive, affecting the acquisition of verbal and nonverbal material presented via four sensory modalities (Milner, 1968; Corkin, 1984 Corkin, , 2002 . He could not learn new episodic or semantic information (Gabrieli et al., 1988; O'Kane et al., 2004) , highlighting the critical role of medial temporal lobe structures in all kinds of declarative memory. Further support for this brain-behavior correlation came from MRI studies carried out in the 1990s, which gave a more accurate picture of the specific structures that were excised and spared in H.M.'s brain. The postmortem studies reported here provide new details of his lesions that could not be gleaned from the in vivo imaging studies.
By far the greatest territory removed on the day of surgery was the parahippocampal gyrus, in particular, the anterior parts of the perirhinal cortex and the entire entorhinal cortex. In a normal brain, the entorhinal cortex receives input from several secondary and tertiary association cortices and multimodal areas (in prefrontal cortex and superior temporal association cortex) and acts as the ultimate end station before extrinsic sensory afferents converge prior to entering the hippocampus (Van Hoesen, 1997; Van Hoesen et al., 1972) . After this convergence on the entorhinal cortex, entorhinal layer II and superficial layer III then project to the hippocampus via the perforant pathway (Van Hoesen and Pandya, 1975 ).
Scoville's resection included the mesocortices of the anterior parahippocampal gyrus (entorhinal and perirhinal cortices (perirhinal area 35)) and also the hippocampal head and body. As a result, H.M.'s perforant pathway was destroyed at its origin and termination, thereby eliminating the entire circuitry necessary for long-term declarative memory. The remaining 2 cm of hippocampal tissue was deafferented, and, therefore, not able to support long-term memory formation, storage, and retrieval. A preliminary histological study showed that the remaining hippocampal tissue contained substantial gliosis, which would further compromise the residual tissue (Annese et al., 2014) .
H.M.'s pervasive memory impairment resulted from the removal of a significant portion of his hippocampi, including all CA subfields, the anterior dentate gyrus, anterior subiculum, anterior presubiculum, and prosubiculum. The hippocampal remnants included the hippocampal-amygdala-transition-area (HATA), the tail of the hippocampus, and a small portion of medial hippocampal tissue. Subsequent histological studies will clarify whether the small medial remnant is uncus or gyrus ambiens. Also spared were the posterior portions of the subiculum, dentate gyrus, and hippocampal body and tail. The posterior portion of the subiculum appeared to be intact, possibly leaving the subicular projections to the anterior, lateral dorsal, reuniens, and paraventricular nuclei of the thalamus untouched (Aggleton et al., 1986) . It is clear, however, that this modest input, if it existed, was not sufficient to support normal memory function in H.M.
A new finding in the postmortem scans concerned the medial temporal stem. In 1997, we reported that the temporal stem was intact (Corkin et al., 1997) , although Gaffan disagreed (Gaffan, 2001 ). In the current study, major advances in technology allowed us to examine the temporal stem with greater precision in the in situ and ex vivo images. We noted that this structure was markedly deteriorated in H.M. in situ and showed decreased contrast in MPRAGE (see Figs. 5C-E). It is unclear whether these lesions dated back to the surgical excision or were caused by degenerative disease late in life, but we favor the view that this damage was due to aging and white matter deterioration as noted in previous MRIs (Salat et al., 2006) and not to Scoville's original resection. The role of the temporal stem in amnesia has been somewhat controversial (Horel, 1978; Gaffan et al., 2001; Gaffan, 2001 ), but a study by Zola-Morgan, Squire, and Mishkin (Zola-Morgan et al., 1982) appeared to be irrefutable. They found that monkeys in whom the temporal stem white matter had been cut bilaterally were unimpaired on a delayed nonmatching-to-sample task, whereas animals with bilateral lesions of the amygdala, hippocampus, and parahippocampal gyrus showed severe impairment. A later study by Gaffan et al. was consistent with this view . On a delayed matching-to-sample task, the performance of monkeys with transection of the anterior temporal stem alone did not differ significantly from their preoperative levels. It is, therefore, unlikely that H.M.'s temporal stem lesions contributed to his declarative memory impairment. Rather, his profound amnesia was caused by the excision of the parahippocampal cortices and hippocampal formation. H.M.'s performance on delayed-match-to-sample and delayednonmatch-to-sample tasks was comparable to that of control participants 6 months after learning (Freed et al., 1987; Freed and Corkin, 1988) , suggesting that his partially intact perirhinal cortex may have been engaged to carry out these tasks.
Aging, Cortical Thinning, and White Matter Damage Previous in vivo MRIs characterized H.M.'s cortical and white matter damage (Salat et al., 2006) . At the time of his death, he was demented, and his entire brain was severely atrophied, with no structure escaping degeneration. As noted previously (Annese et al., 2014) , we observed a small lesion in the left orbitofrontal region in the in situ and ex vivo MRI scans that was not described in Scoville's original report (Scoville and Milner, 1957) . The etiology of this lesion is unclear, but we are confident that planned histological studies will reveal the cause. The possibilities include damage by the retractor used to elevate H.M.'s left frontal lobe, deafferentation of a medial temporal lobe projection, or white matter disease, possibly due to small vessel ischemic disease, such as untreated hypertension. The white matter damage throughout H.M.'s brain was severe in the in situ and ex vivo images, and it was far worse than in other untreated hypertensive cases at his age (JCA and DHS, personal observation) (Fazekas et al., 1993; Young et al., 2008) . Substantial contrast changes in older adults may be due to significant dysfunction of vascular regulatory mechanisms (Braffman et al., 1988; Breteler et al., 1994b; Longstreth et al., 1996; Erkinjuntti, 2007) , and given the substantial white matter abnormalities that we observed in H.M.'s brain ex vivo, it is likely that white matter damage caused his dementia.
Neural Substrates for H.M.'s Preserved Memory Capacities
H.M.'s deep and lasting amnesia attests to the fact that the spared medial temporal lobe structures were unable to support normal memory function or anything approaching it. Still, over the years, he occasionally surprised his examiners by retrieving episodic and semantic information that he encountered after his operation. The most astonishing example came from a picture recognition experiment in which we asked him to look at and remember complex colorful pictures for 20 sec each. Not only did he achieve normal recognition at 10 min, 24 hrs, 72 hrs, and 1 wk after encoding, but he also scored within 1 SD of the control mean 6 months later (Freed et al., 1987; Freed and Corkin, 1988) .
We attribute H.M.'s ability to recognize the complex pictures to the engagement of familiarity-based processes supported by his residual perirhinal and parahippocampal cortices in communication with his preserved cortical circuitry. Our MRI data obtained in vivo and in situ showed some remnants of perirhinal and parahippocampal cortices bilaterally (Figs. 5E-G) (Corkin et al., 1997) . Evidence accumulated over the last 20 years strongly suggests that recollection and familiarity engage different medial temporal lobe areas, with recollection mediated by the hippocampus and familiarity by perirhinal and parahippocampal cortices Brown, 1999, 2005; Yonelinas and Jacoby, 2012) . H.M.'s ability to recognize complex visual stimuli underscores the point that the hippocampus is not necessary for recognition memory based on familiarity.
H.M. was also able to recognize and provide a few distinguishing details about celebrities and politicians who rose to fame after his operation, such as JFK, Ray Charles, and Liza Minnelli (Gabrieli et al., 1988; O'Kane et al., 2004) . We attribute these glimmers of memory formation in part to processing in preserved medial temporal lobe structures seen in the in situ and ex vivo MRI images: part of perirhinal cortex, posterior parahippocampal cortex, dorsal-most amygdala, and the medial-most uncus. It is possible that these small pieces of medial temporal lobe that remained, especially posteriorly, helped support declarative memory formation on rare occasions. H.M. spent a lot of time watching television and leafing through magazines, which exposed him to a wealth of information about celebrities. This repeated stimulation over months and years enabled him to build up meager representations of a handful of famous people; he acquired this knowledge slowly over time and not via the fast declarative memory processes that healthy individuals would employ.
H.M.'s preserved memory capacities also included those now classified as nondeclarative. Milner's 1962 groundbreaking report that he showed procedural learning over three days introduced the idea that the human brain houses dissociable memory circuits (Milner, 1970) . Subsequent experiments extended this result, showing that H.M. could acquire a variety of motor skills (Corkin, 1968) . Studies in patients with Parkinson disease, Huntington disease, and cerebellar degeneration later indicated that the striatum and cerebellum mediate motor skill learning (Sanes et al., 1990; Knopman and Nissen, 1991; Pascual-Leone et al., 1993; Breteler et al., 1994a,b; Corkin, 2013) . Our in vivo MRI results confirmed that the striatum was not damaged in H.M.'s operation, and although his cerebellum was atrophied, it did not appear grossly abnormal.
Subsequent studies evaluated H.M.'s performance on other kinds of nondeclarative memory tasks. In a series of eyeblink classical conditioning experiments, he acquired conditioned responses in both the delay and trace paradigms (WoodruffPak, 1993) . Although he required more trials to reach criterion than his control, the fact that he showed any conditioned responses is a challenge to explain because previous research has established that the cerebellum, hippocampus, and amygdala play a major role in eyeblink conditioning (Woodruff-Pak et al., 1985; Weisz et al., 1992; Thompson and Kim, 1996; Clark et al., 2002; Christian and Thompson, 2003; Thompson and Steinmetz, 2009) . In H.M.'s brain, the hippocampus and amygdala were extirpated, and the cerebellum was markedly atrophied. Still, it is possible that his cerebellum and deep cerebellar nuclei supported the learning, and we will examine these structures microscopically in hope of uncovering clues about his ability to acquire conditioned responses.
Repetition priming refers to a kind of learning in which recent incidental exposure to test stimuli, such as words, pictures, and patterns, facilitates subsequent processing of that information. Priming is evidence that past experience can influence memory unconsciously, that is, when participants are not trying intentionally to recall the past, and it is mediated by cortical pathways undamaged in H.M. In several experiments, he demonstrated intact performance on perceptual and conceptual priming tasks (Gabrieli et al., 1990 Keane et al., 1995) . Companion studies in patients with cortical lesions indicated that conceptual priming is mediated by lateral temporal and parietal circuits, while perceptual priming depends on occipital circuits (Keane et al., 1991 (Keane et al., , 1995 Gabrieli et al., 1994) . These cortical networks were intact in H.M. and likely the underpinnings of his intact priming performance. This finding of preserved nondeclarative memory considered side by side with his impoverished declarative memory, measured by tests of recall and recognition, established the validity of cognitive and neural dissociations among memory processes.
Neural Substrates for H.M.'s Nonmnemonic Behavioral Deficits
Examination of H.M.'s fresh brain at autopsy indicated that his olfactory bulbs and tract were undamaged, but the surgical removal did include primary olfactory cortex in the temporal lobe (piriform cortex and periamygdaloid cortex). As a result, H.M. was anosmic. Extensive behavioral testing uncovered limited preserved function and severe deficits on several olfactory tasks (Eichenbaum et al., 1983) . His detection of weak odorants was normal as was his threshold for discrimination of intensity differences, and he showed normal adaptation to a strong odor. In contrast, his ability to discriminate odor quality was completely absent on three different measures: signaldetection testing, the triangle match-to-sample task, and a common-odor-matching task, likely due to the absence of piriform and periamygdaloid cortices (Eichenbaum et al., 1983) . This striking dissociation of olfactory perceptual capacities established that odor quality discrimination and recognition are not necessary for detection, intensity discrimination, or adaptation.
The in situ and ex vivo MRI studies described here brought to light the details of H.M.'s extensive amygdala resection, which included the lateral, basolateral, accessory basal, and paralaminar nuclei, a portion or all of the central nucleus, and the anterior amygdala area. The result was that most of H.M.'s amygdala output was silenced, and it is likely that the amygdala resection explains a cluster of behavioral abnormalities. H.M.'s perception of pain was diminished in the laboratory and in daily life, he showed no change in his ratings of hunger and thirst from before to after a meal, he was asexual, and he was not fearful of anything (Hebben et al., 1985; Corkin, 2013) . Nevertheless, he could experience and display a range of emotions, such as happiness, friendliness, sadness, worry, guilt, and aggression, and he was able to label the emotion in various facial expressions (Corkin, 2013) . The emotional response system is complex, and the underlying brain mechanisms connecting inputs and outputs engage cortical and subcortical circuits beyond the amygdala (Price, 2003) . A goal of future histological studies will be to examine the integrity of these connections and remnants of the amygdala in H.M.'s brain.
Neural Substrate for H.M.'s Preserved Cognitive Capacities
The MR images collected from H.M. in 1992 and 1993, four decades after his operation, showed that his frontal, parietal, and occipital cortices were normal for his age, as was the lateral temporal neocortex. At that time, it was unclear whether the subcortical white matter associated with the most anterior portions of the superior, middle, and inferior temporal gyri was damaged, but our in situ and ex vivo images confirmed that these tracts were abnormal. Nevertheless, the vast expanse of cortex on both sides of H.M.'s brain likely functioned near optimally, allowing the engagement of multiple specialized circuits to support his performance on a broad spectrum of cognitive tasks.
Milner conducted H.M.'s first postoperative psychological examination in 1955, 2 years after his operation (Scoville and Milner, 1957) . On the Wechsler-Bellevue Intelligence Scale, he achieved an IQ of 112, but on the Wechsler Memory Scale, his MQ was only 67, indicating normal intelligence coupled with markedly impaired long-term memory (Wechsler, 1945) . On subsequent testing with different forms of the Intelligence Scale and Memory Scale, he maintained this pattern of performance through 2000 (Kensinger et al., 2001 ). This longitudinal analysis firmly established that medial temporal lobe structures are not necessary for optimal performance on IQ tests, indicating a clear dissociation between high-order cognition and long-term declarative memory.
The high-resolution, high-contrast MRI methods highlighted here confirmed that H.M.'s cortical and subcortical language areas remained intact following his surgery, and the results from numerous experimental measures and standardized tests showed that his language functions were largely spared (Kensinger et al., 2001) . He successfully completed seven lexical memory tasks: spelling; picture naming, name recognition, and information retrieval; Boston naming test; picture naming; picture judgment; category identification; and landmark identification, and on tests of morphology, he was able to produce and judge regular and irregular inflectional or derivational forms, including plural production, past-tense production, past tense judgment, and derivational morphology production. Two additional tasks measured his syntax processing, and he performed them normally. In general, H.M. maintained his preoperative lexical knowledge without explicit retraining, indicating that medial temporal lobe structures are not necessary for the retention of already learned lexical information. They are, however, critical for the acquisition of new lexical information (e.g., new vocabulary, celebrities) (Gabrieli et al., 1988; Postle and Corkin, 1998) . Notable exceptions in the language domain were H.M.'s impaired performance on fluency tasks and uneven success in detecting linguistic ambiguities (Lackner, 1974; Corkin, 2013) . These deficits likely stemmed from a combination of factors: minimal surgical damage to anterolateral temporal cortex, slow responding, substandard education, and lower socioeconomic background (Kensinger et al., 2001; Schmolck et al., 2002) .
Evidence of preserved problem solving and working memory processes came from H.M.'s consistently excellent performance on the Wisconsin Card Sorting Test (Milner, 1968) . During each administration of the task over years of testing, he quickly changed to a new sorting category as needed and had very few perseverative errors, but he was always unaware that he had done the test before. To perform this complex task, H.M. had to recruit multiple cognitive processes and engage circuits in prefrontal cortex and posterior parietal cortex, areas that were spared in the 1953 surgery (Corkin et al., 1997; Salat et al., 2006) . H.M.'s bilateral medial temporal lobe resection was circumscribed, and the resulting amnesia was pure. He revolutionized the science of memory through his participation in numerous behavioral and imaging studies, and he continues to illuminate the science of memory. During his lifetime, neuroimaging advanced with specialized sequences and sophisticated multichannel array coils that enabled high resolution MRI. These tools allowed a final and riveting inspection of H.M.'s lesions and remaining anatomy. This postmortem research is consistent with his wishes: He knew he was contributing to science and gladly donated his brain for future study. His mantra was, "Whatever is beneficial." It is fitting that the field of neuroscience continues to benefit from his contributions, even after his death.
